ABSTRACT: The activity of the enzyme phosphatase (P-ase) is a physiological characteristic related to plant efficiency in relation to P acquisition and utilization, and is genetically variable. As part of a study on maize genotype characterization in relation to phosphorus (P) uptake and utilization efficiency, two experiments were set up to measure phosphatase (P-ase) activity in intact roots of six local and improved maize varieties and two sub-populations. Plants were grown at one P level in nutrient solution (4 mg L -1
INTRODUCTION
Phosphatases (P-ases), classified either as acid or alkaline, constitute an enzyme group which is presumed to catalyze the hydrolysis of several organic phosphatemonoesters, liberating available Pi, and occurring scattered in all tissue cells of plant organs (Juma & Tabatabai, 1988) . Root-secreted phosphatase activity, named extracellular, is related to plant ability to make soil P available for absorption. The intracellular acid phosphatases, present in the cytosol, plastids and vacuoles, are responsible for the P-hydrolysis from organic compounds, favoring P mobilization and translocation from senescent tissues (Lee, 1988; Lefebvre et al., 1990; Duff et al., 1994) . Therefore, this enzyme activity is a physiological characteristic related to plant efficiency in relation to P acquisition and utilization, and is genetically variable (Tadano et al., 1993) . Plants usually secrete root acid Pases when P availability is low; however, plant species differ in secretion ability and enzyme activity (Duff et al., 1994; Fukuda et al., 2001; Yan et al., 2001) .
It has been suggested that lower root or leaf acid P-ase activities would be related to adequate or sufficient P-tissue concentrations, even under low external P, when compared to high P-ase activity plants under the same conditions (Mc Lachlan, 1980a; 1980b; Silberbush et al., 1981; Furlani et al., 1984; Helal, 1990; Tadano et al., 1993) . Such low P-ase activity plants would be potentially adapted to low-P environments, which might be explained by a lower plant demand for P and a feedback regulation effect on enzyme activity (Mc Lachlan & De Marco, 1982) . Therefore, plants adapted to lower external P concentrations would have tissues adequately supplied in P and the lower P demand would inhibit P-ase activity. Tadano et al. (1993) demonstrated differential interspecific genetic variability for root secretion and acid P-ase activity for nine plant species, among them, rice, wheat, tomato and lupin, and observed also different magnitudes in root enzyme activity increases in response to P deficiency. Mc Lachlan (1980a; 1980b) found variations in intact root enzyme activity among cultivated wheat species and their wild progenies. The cultivated species presented lower enzyme activities as compared to the wild, suggesting that selection for wheat plants more adapted to low P conditions might have occurred unconsciously. Furlani et al. (1984) , investigating sorghum genotypes, and Helal (1990) , working with common beans, observed large differences among tolerant and susceptible cultivars to low external P concentrations, and that the tolerant ones presented lower P-ase activities.
Intraspecific differences in root acid P-ase activities were observed among maize hybrids, related also to plant cycle (Kummerová & Buresová, 1990) , and among inbred lines (Clark & Brown, 1974) . The effects of the P-deficiency degree on the leaf P-ase activity in this species was also described by Elliott & Läuchli (1986) and Kummerová (1986) .
To identify differences in intact root acid phosphatase activity of maize plants, this research was carried out using six open-pollinated variety populations and two subpopulations obtained from the Nitrodente variety, correlating the enzyme activity with plant characteristics related to dry matter yield and efficiency of P uptake and utilization.
MATERIAL AND METHODS

Plant material and experimental design
Two experiments were carried out in greenhouse and growth chamber, at Campinas, SP, Brazil, using maize varieties and subpopulations from a field tested population. Both experiments followed a randomized complete block design with six replicates. Treatments consisted of six maize varieties and two contrasting subpopulations for the P-efficiency characters previously evaluated, that is, dry matter and grain yields, and Pefficiency utilization indexes (Machado, 2000; Machado et al., 2001) . For the first experiment, an interpopulation study, three local ('Caiano de Sobrália', 'Carioca' and 'Catetão') and three improved varieties ('Nitrodente', 'Sol da Manhã', 'BR 106') were used. For the intrapopulation study, two subpopulations were formed by S 1 inbred-line families obtained from the Nitrodente variety, as follows: 200 inbred-line families were evaluated and classified for grain yield in a competition field trial (Machado, 2000) ; these families were grouped into ten groups of 20 families (corresponding to 10% of the total families), according to their increasing grain yield. From each group of the 20 families, the four highest and four lowest yielding families were excluded, and the twelve intermediary ones had their seeds mixed up, forming one group. Thus, ten representative groups were formed and constituted the subpopulations, codified as ND 1 , ND 2 , … up to ND 10 , ordered according to increasing grain yield. These ten subpopulations were evaluated in relation to the P uptake and utilization efficiency in nutrient solution (Machado et al., 2001; Machado & Furlani, 2004) , and two of them were used in the present research, ND 2 and ND 10 , as contrasting subpopulations in relation to grain yield and P-utilization efficiency.
Handling of plants and nutrient solutions
Seeds were treated with fungicide and set for germination on paper rolls partly immersed in distilled water, under aeration. Seven day-old seedlings were transferred to 3.0-L plastic pots with lids, containing nutrient solution. Three uniform-sized seedlings were left per pot, suspended in the nutrient solution. The basic nutrient solution described by Furlani & Furlani (1988) , using p.a. reagents and deionized water, presented the following composition (mg L The initial nutrient solution pH was adjusted to 5.2 and monitored each other day, not having been changed. Aeration and the level of water were kept constant. During the period of plant growth (January to February 1997), the daily maximum and minimum temperatures were recorded in the greenhouse: 36 + 6 o C (day) and 24 + 1 o C (night). The second experiment, using 'ND 2 ' and 'ND 10 ' subpopulations, was carried out in a growth-chamber because of the relatively low external temperatures at the time plants were grown (May 1997). In the growth-chamber, the average daily maximum and minimum temperatures were, respectively: 30 + 1 o C and 21 + 1 o C. The photosynthetically active radiation given by the photosynthetic photon flux (FFF) was 200 µmol m -2 s -1 .
Intact root acid phosphatase activity essay
Seventeen-day-old plants of six maize varieties (ten days in nutrient solution) from the first experiment were transferred to the growth-chamber in pots filled with aerated distilled water, where they were maintained during the night (12 hours). Twenty four day-old plants of the two maize subpopulations ('ND 2 ' and 'ND 10 ') from the second experiment, followed the same procedure. After this period in distilled water the determination of phosphatase activity in intact roots followed the same procedure: plants were transferred again to beakers (wrapped in aluminum foil) containing 500 mL of a 0.2-strength nutrient solution with the enzyme substrate -74.2 mg mL -1 of p-NPP (p-nitrophenilphosphate), pH adjusted to 4.0. Aliquots of 3 mL were taken at 15 and 30 minutes after plants were put in solutions with the substrate. The aliquots were transferred to test tubes containing 2 mL of 2 mol L -1 NaOH solution according to the procedure described by Clark (1975) . The p-nitrophenol formed turns yellow in a base solution. A control was run without plants, submitted to the same conditions, sampled at the same time, in order to evaluate the expontaneous substrate hydrolysis in the nutrient solution. The average temperature in the growth chamber during intact root P-ase activity tests was 36 o C in the first experiment with maize varieties; and 25 o C in the second experiment with maize subpopulations; the photosynthetically active radiation
) was the same in both experiments.
Intact root P-ase activity was related to the quantity of p-nitrophenol formed during the 15-minute interval (spectrophotometrical readings at 420 nm), using standard p-nitrophenol solutions as reference for each set of readings. Control (without plants) readings were subtracted from the plant sample readings and P-ase activity was expressed as mg p-NP h -1 g -1 root dry matter. After P-ase activity measurements, plants were harvested, rinsed in distilled water and separated into shoots and roots. After this, plant parts were dried in a forced air oven at 70 o C for dry matter determination, and then ground in a Willey-type grinder, following chemical analyses for the determination of tissue P concentrations by the ammonium vanado-molibdate method.
Plant P-utilization efficiency was evaluated by the efficiency index (E.I.) according to Siddiqi & Glass (1981) , based on dry matter yield (MS) related to the P concentration in the respective plant part tissues, that is, for the whole plant, IE = (total-MS) 2 /total plant P-content. Experimental data were submitted to analyses of variance, and mean comparisons were made using Duncan's test either at α = 0.05 or α = 0.01.
RESULTS AND DISCUSSION
Maize varieties differed significantly in relation to the intact root phosphatase (P-ase) activities. 'Catetão', 'Caiano', 'Sol da Manhã', 'Nitrodente' and 'BR 106' presented higher values for P-ase activities (Table 1) . 'Carioca' had the lowest root P-ase activity. No significant contrasts were observed between the two groups, local and improved varieties, and the average P-ase activity value was about the same for both groups, 38.83 and 38.73 mg p-NP g -1 h -1 , respectively. No differences among varieties were observed within the improved group, but differences were found among the local ones, and 'Carioca' presented the lowest P-ase activity (Table 1) . Although the method proposed by Clark (1975) refers to the determination of root P-ase activity in young plants, it might be supposed that the period of time (ten days) that plants were in nutrient solution in the first experiment with varieties was too short to cause a significant internal tissue P-stress and it did not allow the differentiation of varieties. However, the P concentration used in the nutrient solution, 4 mg L -1 , was the intermediary level used in previous experiments with young plants of the same genotypes (Machado, 2000; Machado et al., 2001) , and the values for root P-ase activity found for some varieties are very close to the ones reported by Clark (1975) for maize plants of same age. This author observed, however, maximum root enzyme activities in 21 day-old plants, as compared to older or younger plants, and considering a P concentration of 4 mg L -1 , the limit above which the nutrient would be stored in the vacuoles and the P-ase activities would decrease significantly, when differences among genotypes for this character could no longer be detected. Nevertheless, plant responses (varieties and subpopulations) obtained in previous experiments, presented linear increases in dry matter yield up to 8 mg L -1 , from what it was inferred that this P concentration (4 mg L -1 ) in the nutrient solution was expected to provide a significant P-stress pressure on the plants.
There were differences between the 'ND 2 ' and 'ND 10 ' groups for the root P-ase activities, and 'ND 2 ', the lowest yielding subpopulation, presented higher P-ase activity as compared to 'ND 10 ', the highest yielding one (Table 1) . Enzyme activity values obtained in roots of the subpopulations were lower than those of the varieties, certainly because of the lower average temperature (25 o C) during the second experiment, as compared to temperature during the first (36 o C), although plants from the subpopulations were 24 day-old, the optimum age to reach maximum P-ase activity. These values were also lower than those found by Clark (1975) for plants of the same age. In this case, the effect of temperature on enzyme activity seemed to prevail on the root age effect, since the 24 day-old roots of 'ND 2 ' and 'ND 10 ' had 66% lower enzyme activity as compared to the 17 day-old roots of varieties. Clark (1975) observed that root P-ase activity increase as a function of temperature up to 30 o C, remaining steady between 30 and 40 o C, and increasing again around 50 o C, probably due to cell structure ruptures and enzyme release to the external solution, under these high temperatures. This author also observed a 50% decrease in maize root P-ase activity when temperature decreased from 35 o C to 25 o C, an explanation for the differences found between plants from the first and second experiments.
In relation to variety dry matter yield of shoot and root, highest and lowest values were observed for the improved 'BR 106' and 'Sol da Manhã', respectively. No differences among local and improved variety groups were found for dry matter yield of plant parts or whole plants. Within the group of improved varieties, there were some significant contrasts between genotypes, with evidence to 'BR 106' with the highest values for shoot and root dry matter yield (Table 2) . No variation on root/shoot ratio of dry matter were observed between or within groups of varieties. However, the best dry matter yielding varieties ('BR 106', 'Nitrodente' and 'Catetão') tended to accumulate more dry matter on shoots rather than on roots (Table 2) . Between subpopulations, 'ND 10 ' presented the highest values for shoot and root dry matter yield. No differences were observed between the two subpopulations for root/shoot ratios of dry matter yield (Table 2) .
In relation to plant tissue P concentrations, differences were observed among varieties only for shoot P. 'Sol da Manhã' and 'BR 106' presented the highest and lowest shoot P concentrations, respectively; 'Carioca' presented the second highest shoot P concentration (Table  3) . Local and improved varieties neither showed differ-(1) F value for varieties (Fv), local varieties (Fl), improved varieties (Fi), groups (Fg) and subpopulations (Fs).
(2) Coefficient of variation. Mean comparisons among varieties are the small letters (Duncan's test, α = 0.05). Mean comparisons between subpopulations are the capital letters (Test F**).
** Significant at 1% by F test; ns not significant. ences in P concentrations between shoots and roots nor between the variety groups. Among the improved, there was a clear differentiation for shoot P concentrations. The lowest or highest shoot P concentration was inversely related to dry matter yield, thus, 'Sol da Manhã NF' presented the lowest dry matter yield and highest shoot P concentration, whereas 'BR 106' had the highest dry matter yield and the lowest shoot P concentration, evidencing a nutrient dilution which occurred as a consequence of 'BR 106' having faster plant growth. P-contents in plant parts were different among varieties (Table 3) . 'BR106', 'Catetão' and 'Nitrodente' accumulated higher quantities of P in the shoots and whole plants. Improved varieties, in average, accumulated more P in the shoots and whole plants than the local ones.
No differences among local or improved varieties were observed for shoot and root P contents. Among the improved, differences were observed for total P contents, evidencing 'Sol da Manhã' and 'BR 106' as having the lowest and highest total P contents, respectively. The shoot/root ratio of P contents were similar either within or between the variety groups (Table 3) .
In the subpopulations, 'ND 2 ' shoot P concentrations were higher than in the 'ND 10 ', (although the root P concentrations were similar) as a result of nutrient dilution effect, since 'ND 10 ' had higher dry matter yield. The P contents in plant parts and in the whole plants were higher for 'ND 10 '. The shoot/root ratios of P contents were not different between the two subpopulations, indicating similar P partition by both plant parts. These results are in agreement with the previous results obtained with the same maize local and improved varieties and subpopulations reported by Machado (2000) and Machado et al. (2001) . These authors also observed similar results for dry matter and grain yield, root/shoot ratios of dry matter, Pconcentrations and P-contents in plant parts, mainly for the contrasting subpopulations ND 2 and ND 10 selected from the 'Nitrodente', which also presented significant differences for intact root P-ase activities, evidencing their potential genetic variability for P-uptake and utilization.
According to the P-utilization efficiency indexes calculated, 'BR 106' was the most efficient, followed by the 'Nitrodente', 'Caiano', 'Catetão', 'Carioca' and 'Sol da Manhã' (Table 3) . There were no differences in these P-efficiency indexes between the two groups, local and improved varieties, probably because treatments were applied for too short periods, which was also noticed for some of the other evaluated variables, mainly root P-ase activity. In a previous work, the improved varieties, evalu- Table 3 -Phosphorus concentration and content in plant parts (shoot, root, total), shoot/ root ratio of P content (S/R), Putilization efficiency index (PUEI) in maize genotypes. Average of six replications, three plants per pot.
( 1) F value for varieties (Fv), for local varieties (Fl), for improved varieties (Fi), for groups (Fg) and for subpopulations (Fs).
** Significant at 1%; * significant at 5%; ns not significant. ated at 25 days of age, presented higher values for the Pefficiency indexes as compared to the local ones (Machado, 2000; Machado et al., 2001) . Within the group of improved varieties, 'BR 106' was the most efficient and 'Sol da Manhã', the most inefficient, presenting different P-utilization efficiency indexes. The subpopulations had contrasting values for the indexes, evidencing 'ND 10 ' as the most efficient in P-utilization (Table 3) , corroborating the previous results (Machado, 2000) , although the present data consisted of lower absolute values. Linear correlation coefficients (r) were calculated between intact root P-ase activity and the other characteristics (Table 4 ). For the maize local and improved varieties, there was no clear correlation between enzyme activity and the variables related to plant P uptake and use efficiency. 'Caiano' and 'Carioca' presented correlation between P-ase activity and several P-efficiency variables, but this did not occur for the other varieties. In addition, for the existing correlations, the variables were not always the same, or even, sometimes directly or inversely correlated. For instance, only 'Caiano' and 'BR 106' had negative correlation coefficients between P-ase activity and shoot P-content (-0. . 'Caiano' and 'BR 106' behaved according to the initial hypothesis of P-ase activity and nutritional P-status of the plants, that is, a negative relationship of P-ase activity and the plant P-efficiency characters as expected. On the other hand, 'Carioca' had a negative correlation for root P concentration (-0.82*), but a positive correlation with shoot (0.84*) and total P-content (0.77 + ), and shoot/root ratio of P-content (0.84*). 'Catetão' had a positive correlation for only one variable, root dry matter (0.86*). For the other two varieties (Sol da Manhã and Nitrodente) no correlations were found, indicating an inconsistent behaviour among local and improved varieties with relation to Pase activity and P-efficiency characters. The subpopulations ND 2 and ND 10 of Nitrodente had positive correlations only for one variable, the shoot/root ratio of P-content (0.78 + and 0.76 + ), although the absolute values of Pase activities were different between the two inbred families, indicating a lower enzyme activity for the high yielding 'ND 10 ' and a higher activity for the low yielding 'ND 2 ' as it was expected (Table 4) .
However, positive as well as negative correlations have been demonstrated between leaf or root enzyme activity and P content in plants (Besford, 1978; 1979; 1980; Mc Lachlan & De Marco, 1982; Dracup et al., 1984; Elliot & Läuchli, 1986; Fernandez & Ascencio, 1994) , or between P-ase activity and tolerance or susceptibility to P deficiency (Mc Lachlan 1980b; Silberbush et al., 1981; Furlani et al., 1984; Helal, 1990; Tadano et al., 1993) . Nevertheless, the comparison of results is difficult because of the lack of sistematization and standardization of methods and criteria for the plant P-ase activity determination, in such way that, data of the literature are inconsistent or contradictory in relation to different species, different laboratory techniques and different plant part samples.
There are two prevailing hypotheses about the role of acid phosphatases in plants and its relationship with plant nutritional P status, as follows: (1) plants adapted to low P conditions (efficient in P uptake and utilization) would present high leaf or root P-ase activity as a sign of the ability in hydrolyzing and remobilizing P, by root secretion and/or leaf synthesis, making P more Table 4 -Correlation coefficients (r) between root acid phosphatase activity and the maize genotype P-efficiency characters.
(1) SDM, RDM and TDM = shoot, root and total dry matter, respectively; RDM/SDM = root/shoot ratio of dry matter; SP-conc and RP_conc = shoot and root P concentration; SP-cont, RP-cont and TP-cont = shoot, root and total P content; SP/RP = shoot/root ratio of P content; PUEI = P utilization efficiency index. (Lee, 1988; Lefebvre et al., 1990; Barrett-Lenard et al., 1993) ; or (2) plants adapted to low P conditions (efficient in P uptake and utilization) would present a lower P demand and, consequently, a lower leaf or root P-ase activity under stress P conditions as compared to the nonadapted or higher P demanding plants. P-ase activity would then be a chemical indicator of the plant P deficiency severity degree, and the more the plant is stressed in relation to P, the higher the P-ase activity and the less adapted the plant would be (Mc Lachlan 1980a; 1980b; Silberbush et al., 1981; Furlani et al., 1984; Elliot & Läuchli, 1986; Helal, 1990; Tadano et al., 1993) . The first hypothesis anticipates a direct role of acid phosphatases on plant P uptake and use efficiency mechanisms, and the second assumes an indirect relationship, that is, an indication of a lower or higher P demand by the plants. It is impossible to conclude on any of the two above mentioned hypotheses, what might be credited to the fact of working with open-pollinated, high-variability genotypes like the local and improved varieties, and to the fact of working with very young plants, which might have been the case of the subpopulations, the results of which could not be confirmed by the correlation coefficients. Clark & Brown (1974) observed differences for intact root P-ase activity between two maize inbred lines, using young plants, and the highest activity inbred line presented also higher P content, that is, a direct relationship, indicating a better plant P nutritional status. In the present study, the variety having the highest P content had an intermediary P-ase activity, and the subpopulation with higher P content had lower P-ase activity. Elliot & Läuchli (1986) observed inverse relationship between plant P deficiency degree and leaf P-ase activity only for cases of severe P-deficiency. The enzyme activity was not useful to detect moderate to light P deficiency degrees. Variation in leaf P-ase activity relationship with P deficiency degree was also determined for maize plants, as a function of the leaf position in the plant (Kummerová, 1986) . Variations derived from genetic differences were also observed by Kummerová & Buresová (1990) , when working with one early and one late maize hybrids, in the form of inverse relation between root dry matter yield and P-ase activity. The early hybrid presented lower root dry matter yield and higher enzyme activity, whereas the inverse was observed for the late one, high yielding and low enzyme activity.
For other plant species, the results are also quite inconsistent, and inverse relationships between P-ase activity and root P concentrations or contents have been found for sorghum (Furlani et al., 1984) , white clover (Dracup et al., 1984) , and common beans (Helal, 1990) ; between leaf and root P-ase activity and P deficiency in wheat plants (Mc Lachlan & De Marco, 1982) . On the other hand, and Fernandez & Ascencio (1994) did not observe any relationship between leaf or root P-ase activity and P deficiency in bean, cowpea, pigeon pea and cotton plants.
Consequently, such results are of difficult interpretation and comparison because P-ase activity data are derived from plants growing under different external P concentrations, or from different plant parts and/or from different genotypes, the origin of which might influence the gene expression of the acid phosphatase activity under a specific external P availability. Besides, the root ability to secrete acid phosphatases can only be evaluated when intact roots are used for the P-ase activity determination, and the secreted root P-ase activity may or may not be related to the plant P nutritional status, which is more easily demonstrated when leaves are also analyzed. Another complicating factor to be considered is that the gene control of acid P-ase synthesis and activation seems to be independent from the one that confers to the root the ability of enzyme secretion, which is usually activated under low P levels (Fukuda et al., 2001) . Recently, Fukuda et al. (2001) , Wasaki et al. (2001) and other researchers have investigated the possibility of gene transfer of the root character responsible for acid P-ase secretion, in order to obtain plants more efficient in making soil P available. However, the root secreted acid Pase activity gene expression should be related to a significant root P-uptake efficiency expression, in order to obtain an effective gain in P-uptake and utilization efficiency.
From the actual knowledge on the high variability existing within maize populations and genotypes as to their root ability in P-ase synthesis and secretion, and also on the independent gene control of such processes, it is not recommended using acid phosphatase activity as a physiological marker for evaluation of plants in relation to P uptake and utilization efficiency under low P conditions.
